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Introduction
Function of ectocochleate cephalopod shells and their hydro statics.-The conch of ectocochleate (externally-shelled) cephalopods consists of a body chamber that was inhabited by the living animal and a phragmocone that is divided by septa into a series of progressively larger chambers (camerae) during growth. The soft body and mineralized shell are denser than seawater and are negatively buoyant while the phragmocone is positively buoyant due to some fraction of gas in its chambers. The phragmocone allows the cephalopod to achieve neutral buoyancy and functions as a passive gas float by regulating the weight and bulk density of the cephalopod. Neutral buoyancy is achieved when the total mass of the organism is equal to the mass of the displaced seawater. The syn vivo static orientation of a neutrally buoyant object occurs when the centers of buoyancy and mass are aligned vertically. Hydrostatic stability is determined by the degree of separation between these two centers (Okamoto 1996) . A larger separation between the centers of buoyancy and mass relative to their weight will result in a larger restoring moment: a torque resulting from the downward acceleration of gravity acting on the center of mass and an upward buoyant force acting on the center of buoyancy. After displacing the centers of mass and buoyancy from a vertical alignment, this restoring moment returns the neutrally buoyant cephalopod to its equilibrium position. The rocking behavior of extant nautilids during locomotion reflects this hydrodynamic restoration after each jet pulse (Chamberlain 1981; Jacobs and Landman 1993) . The manner in which this restoring moment acted upon extinct taxa during life is largely unknown, especially for non-planispiral morphotypes. Therefore, it is crucial to investigate the hydrostatic and hydrodynamic properties of different ectocochleate cephalopod morphotypes to better understand their specific modes of life and life habits.
We constructed several virtual 3D models of the Late Cretaceous heteromorph ammonoid Baculites compressus Say, 1820 to investigate the constraints and sensitivities on the hydrostatic properties of the straight-shelled (orthoconic) morphotype. This approach included calculating the liquid to gas ratio necessary for a neutrally buoyant condition, as well as the volume of the shell, camerae, and soft body. These properties were used to compute the syn vivo orientation and hydrostatic stability of this species, which provide a better understanding of the orthoconic morphotype and baculitid mode of life. The restoring moments acting on a baculite displaced from its equilibrium position were also experimentally assessed with 3D printed models that have theoretically equal mass distributions and buoyancy to the virtual 3D models.
Previous studies of baculite hydrostatics and mode of life.-
The study of the geometry, buoyancy, and hydrostatics of ammonoids was pioneered by Moseley (1838) and Trueman (1941) in work that promoted a better understanding of ammonoid modes of life and led to many theoretical and empirical studies on these subjects (Raup and Chamberlain 1967; Saunders and Shapiro 1986; Shigeta 1993; Tanabe et al. 1995; Okamoto 1996; Kröger 2002; Hoffmann et al. 2014 Hoffmann et al. , 2018 Tajika et al. 2015a, b; Lemanis et al. 2015; Naglik et al. 2015a, Peterman and Barton 2017; . Trueman (1941) suggested that baculitids, as orthoconic heteromorphs would have been stably oriented with their aperture inclined downwards at rest due to the positive buoyancy of earlier chambers. This same orientation is also present in orthoconic nautiloids, endoceratoids, and actinoceratoids (Trueman 1941; Klinger 1980; Tsujita and Westermann 1998; , which have high hydrostatic stability in groups not possessing significant masses of cameral or endosiphuncular deposits . The orthoconic morphotype of ectocochleate cephalopods has high hydrostatic stability relative to other morphotypes because its mass distribution is moved in a beeline fashion away from the center of buoyancy. Thus, a highly-stable, vertical orientation for orthoconic ectocochleates without cameral or endosiphuncular deposits has been commonly accepted (Reyment 1973; Ward 1976; Westermann 1977 Westermann , 1996 Westermann , 2013 Klinger 1980; Batt 1989; .
While much evidence suggests that a highly-stable, vertical, static orientation is likely for orthocones, this interpretation is not without its caveats. Westermann (1977 Westermann ( , 1996 Westermann ( , 2013 , Klinger (1980) , and Tsujita and Westermann (1998) suggested that orthoconic ammonoids could deviate from this vertical posture by flooding the adapical portion of their phragmocone to act as a liquid counterweight. Westermann (2013) experimented on orthocone hydrostatics by creating several 2D models with neutral buoyancy. These models consist of several regions partitioned into cameral gas, cameral liquid, and the body chamber. Westermann (2013) found that models with adapically placed gas and flooded chambers directly behind the body had stable vertical orientations. However, placing the same proportion of cameral liquid adapically was found to reduce stability enough to permit horizontal swimming. Westermann (2013) also attempted to replicate the concave dorsum similar to Baculites grandis Hall and Meek, 1854 by creating a "quadripartite" model with adapical and adoral emptied chambers and a flooded portion in between. According to his model, a somewhat stable horizontal orientation was achieved without rolling (keeping the venter oriented downwards). A physical experiment was performed in his study where B. grandis was modeled with plexiglass, styrofoam, and various internal iron weights and which experienced a horizontal orientation when neutrally buoyant.
A non-vertical (sub-horizontal) orientation was inferred for the baculitid Sciponoceras sp. (Hauschke et al. 2011) by the orientation of a cirripede epizoan on the venter of the shell. The authors also suggested a forward direction of locomotion for this baculitid because the cirripede grew from the venter and slightly rotated the feeding apparatus towards the aperture throughout growth. This epizoan behavior is also recorded for planispiral ectocochleate cephalopods including other ammonoids and even the extant Nautilus (Keupp et al. 1999; Seilacher and Keupp 2000; Hoffmann and Keupp 2015; Seilacher and Gishlick 2015; Naglik et al. 2015b) .
The depth range of baculitids (including B. compressus) in the Western Interior Seaway of the United States may have been around 50-100 m based on isotopic analyses (Fatherree et al. 1998; Lukeneder et al. 2010; Landman and Klofak 2012; Henderson and Price 2012; Lukeneder 2015; Landman et al. 2018) . Additionally, a demersal habitat is inferred from these analyses due to their isotopic similarity with the benthos (Sessa et al. 2018; Landman et al. 2018) , which suggests that these baculitids may have lived within a few meters from the sea bottom. Ontogenetic sampling of baculites from methane seeps reveals they probably did not laterally migrate over long distances and spent the majority of their lives at or nearby these sites .
Information about the baculitid diet can be inferred by the morphology of the buccal mass. Kruta et al. (2011) reported on a buccal mass of a baculite revealed by synchrotron X-ray microtomography that had remains of possible prey items including pelagic isopods and possibly a larval gastropod. The morphology of the baculitid buccal mass along with the remains of potential prey suggests that they fed on small organisms in the water column (Kruta et al. 2011 ). This interpretation is reinforced by Klug et al. (2012) , who also suggest a planktotrophic feeding habit based on several well-preserved baculitids.
Three-dimensional modeling of ectocochleate cephalopods.-Recently, accurate hydrostatic analyses have been improved by tomographic techniques. The application of computed tomography (CT) can yield 3D models with excellent precision to aid in morphometry (Hoffmann et al. 2014; Lemanis et al. 2015; Tajika et al. 2015b ) and the approach has been used for hydrostatic calculations, including the conditions for neutral buoyancy (Hoffmann et al. 2014 (Hoffmann et al. , 2018 Lemanis et al. 2015) . However, low contrasts in physical properties (X-ray attenuation, etc.) between the matrix and/or mineral growth inside chambers and the fossil shell can yield problems in imaging the fossil anatomy, as can averaging of densities of different materials within each voxel (the partial volume effect; see Hoffmann et al. 2014) . The ideal scenario involves well-preserved specimens with hollow chambers, or in the case of Inoue and Kondo (2016) , chamber casts surrounded by a void after shell dissolution. The reconstruction of ammonites with complex septal frilling is especially difficult where mineral growth covers the internal shell and/or septa and distorts higher-order folds. When the conditions are adequate for ideal 3D reconstructions, these models can be used to compute the hydrostatic properties from the volumes, and therefore mass, of the materials occupying the camerae, soft body, shell, and any other feature with a unique density. These morphometrics can be then used to compute buoyancy, syn vivo orientation, and stability. Serial grinding tomography is also a valuable tool for constructing models to be used in morphometry and hydrostatic calculations (Tajika et al. 2015a, b; Naglik et al. , 2016 . These techniques can produce 3D models from processing many successive slices through an object. Of course, this method is invasive and causes complete destruction of the specimen. It is also susceptible to the partial volume effect and other discrepancies (Hoffmann et al. 2014) .
While tomographic techniques can produce accurate 3D models of cephalopod shells, they rely on ideal specimens that are complete, undeformed, and have appropriate contrasts (either optically or by attenuation factor) between the shell and its surroundings. Theoretical 3D models for virtual paleontology are a necessary alternative to tomographic modeling for rare species or specimens that seldom preserve in an adequate manner for 3D imaging. Such models can be generated by imaging and reconstructing multiple fragmentary specimens or replicating real pieces until the whole specimen is virtually reconstructed. Such reconstructions can be performed with the use of photogrammetry in the absence of access to tomographic equipment or expensive surface scanners. Photogrammetry can be used to scan the exterior of a specimen by generating a 3D mesh from a series of overlapping photographs (Sutton et al. 2014 ). This method has been more recently used in paleontology (Petti et al. 2008; Falkingham 2012; Knauss and Yacobucci 2014; Fau et al. 2016) , and can yield 3D models of comparable resolution to high quality surface scanners (Fau et al. 2016 ). This cheap and portable technique (Cunningham et al. 2014) can be suitable to produce theoretical models of ectocochleate cephalopod shells for the computation of their hydrostatic properties (Peterman and Barton 2017; 
Material and methods
Modelled specimens.-Orthoconic (straight-shelled) cephalopods (e.g., nautiloids, baculitids, etc.) are rarely found complete because long, slender, hollow shells are subject to several taphonomic processes that result in disarticulation and alteration. A baculite was chosen for the current study because specimens are common and excellently preserved in concretions within the Upper Cretaceous Pierre Shale in the United States, Western Interior. Such specimens exhibit largely unaltered shell material that is required to define shell and septum thicknesses and ultimately the volume for theoretical virtual models. Fragmentary specimens of the late Campanian baculite species Baculites compressus were used in this study to create the 3D models and measure shell and septal thicknesses. These specimens are currently housed at WSU.
Virtual model generation.-The virtual 3D model of the extant Nautilus pompilius from fig.  2 .5) was used in the current study to serve as a reference for the hydrostatic experiments of the orthoconic Baculites compressus. This model also served as an assessment of the experimental modeling techniques used in this study. The Nautilus pompilius model, although isometric, was found to have very similar hydrostatic properties to a model generated from a CT scanned specimen (Hoffmann et al. 2014; Lemanis et al. 2015 Lemanis et al. , 2016 , especially in terms of hydrostatic stability .
Several theoretical 3D models were digitally reconstructed from a fragmentary specimen of Baculites compressus (WSU-1400). A 3D shapefile of this specimen was created with 3DF Zephyr (3DFlow 2018) photogrammetry software (Fig. 1A ). This produces a tessellated 3D mesh (in .stl format) from a series of photographs taken around the object (~50 for optimum coverage). The digitized specimen consists of a section of a phragmocone with eight septa. An exposed septum at the adoral edge of the specimen (Fig. 1B ) was used as a base to reconstruct the entire septum. The suture line (Fig. 1C ) was used as a template to reconstruct the higher order frilling. An array of sculpting tools in Meshmixer (Autodesk Inc. 2017a) was used in order to manually reconstruct the frilled margins (Fig. 1D) . The smoothing tool in Meshmixer (Autodesk Inc. 2017a) was used to approximate the curvature of the septum between the frilled margins and preserved first and second order folds. All reconstruction was performed on only half of the model. Meshmixer's mirror utility was used at the end of processing in order to minimize errors in reconstruction by replicating the reconstructed portion of the model about the sagittal plane.
After reconstructing a single septum, it was then duplicated and placed inside the segment of shell that was originally scanned. The magnetize tool in Meshmixer (Autodesk Inc. 2017a) was used to seal the space between the septa and the shell while simultaneously smoothing the model. The septal spacing was relatively constant and was achieved by placing the farthest-reaching folioles tangential to the farthest-reaching lobules from the previous (adoral) septum. This yielded a single septate section of shell which was then duplicated in order to recreate the entire phragmocone of the baculite using the degree of taper from the scanned fragment. The living chamber was constructed by using the originally scanned shell fragment with the same degree of taper.
Measurements of shell and septum thickness were made using digital calipers on well-preserved specimens (WSU-1400, WSU-1401, and WSU-1450). Exponential curves (Fig. 2) were used to estimate shell and septum thickness in the model corresponding to whorl heights (Wh). The 3D computer graphics software, Blender, was used to define thickness of the model. This process, called extrusion, was performed with positive offset on the external shell segments. These segments were then sealed together and smoothed in Meshmixer (Autodesk Inc. 2017a) in order to recreate an extruded thickness gradient similar to the actual shell of an adult Baculites compressus (Fig. 2) . The 83 septa were individually extruded in Blender with zero offset and combined with the extruded shell to create a complete shell model (Fig. 3A) . The length of the body chamber was reconstructed at 40% and 33% of the total length of the baculite in order to compare the hydrostatics between the upper and lower limits of the "mesodome" body chamber ratio (Westermann 2013) .
The soft body was reconstructed by deleting the external wall of the baculite shell mesh and isolating the living chamber. This represents the interface between mineralized shell and the soft body. The normals of the faces were inverted (which denote the exterior direction of the mesh) to produce a mesh that appropriately has its normals pointing outwards. The soft body, which resembles the baculitid reconstruction (WSU-1400 , WSU-1401 , and WSU-1405 . Exponential curves were fit to these points to define thickness for the full 3D model as a function of whorl height.
of Klug et al. (2012) , was then constructed and shaped to fit inside the living chamber (Fig. 3B) . Each camera was reconstructed in a similar manner to the soft body. The exterior mesh of the phragmocone was deleted and the internal interfaces were isolated and inverted. This allowed the reconstruction of all camerae ( Fig. 3C ) and for each of their volumes to be calculated. Each model had to be repaired using Autodesk Netfabb (Autodesk Inc. 2017b) to remove non-manifold elements and other mesh errors in order to calculate geometric measurements. All volumes and centers of mass were then calculated with MeshLab (Cignoni and Ranzuglia 2014) .
Hydrostatic calculations.-Hydrostatic calculations herein largely follow the methods of . The proportion of cameral gas and cameral liquid to produce a neutrally buoyant condition was calculated for each model using a modification of Archimedes principle:
where m sb is the mass of the soft body, m sh is the mass of the shell, m cl is the mass of cameral liquid, m cg is the mass of cameral gas, and m wd is the total mass of water displaced.
The ratio of the volume of cameral gas to total cameral volume (Φ) is found by setting Equation 1 in terms of density and volume then solving for Φ:
where V wd and ρ wd are the volume and density of the water displaced by the entire model, V sb and ρ sb are the volume and density of the soft body, V sh and ρ sh are the volume and density of the shell, ρ cl is the density of cameral liquid, ρ cg is the density of cameral gas, and V ct is the total volume of all camerae. A soft body density of 1.065 g/cm 3 is adopted from Westermann (2013) and is assumed here to uniformly fill the living chamber (Fig. 3B) . A shell density of 2.62 g/ cm 3 is also commonly accepted (Reyment 1958; Okamoto 1996; Klug and Hoffmann 2015) . The density of cameral liquid is assumed to be equal to that of seawater (1.025 g/cm 3 ; Greenwald and Ward 1987) . The density of cameral gas is negligible, but set here for calculations as 0.001 g/cm 3 . The volumes of cameral gas and liquid necessary for neutral buoyancy were then modeled by splitting the shapefile containing all of the modeled camerae ( Fig. 3C ) into their appropriate gas and liquid fractions. These models do not include the pellicle or liquid retained via capillary forces. They also do not include the siphuncle, a feature with a probably negligible mass relative to the total organismal mass .
The models of the shell, soft body, cameral gas, and cameral liquid each have a density-weighted influence on the mass distribution of the living baculite due to their differences in density and geometry. The total center of mass from these models of differing densities was calculated with the formula:
where M is the x, y, or z component of the total center of mass, L is the x, y, or z component of the center of mass of a single object measured with respect to an arbitrary datum, and m o is the mass of any particular object that has a unique density (this includes the shell, soft body, cameral gas, and cameral liquid for the models herein).
The center of buoyancy can be found by computing the center of mass of the water displaced by the baculite (i.e., center of volume). The stability of the model depends on the degree of separation between the centers of buoyancy and mass. Their true separation was found by using the theorem of Pythagoras on the x and z components of the models (ignoring the y components because of model symmetry). In order to apply to heteromorphic ammonoids, Okamoto (1996) redefines the stability index (S t ) of Raup (1967): where S t is the stability index, BM is the distance between the center of buoyancy and mass, and V is the entire volume occupied by the model (V wd equal to defined above). Restoring moment experiments with 3D printed models.-Physical experimentation to investigate hydrostatics and hydrodynamics is hindered by the difficulty in creating models with the same mass (and distribution of that mass) as the living animal. This is primarily because morphometry and physical reconstruction are rather difficult in fossil shells (especially the ammonoids), and because there are no perfect model analogues for the materials of which the living animal was composed. In the current study, these caveats were addressed by modifying the virtual models ( Fig. 4A ) so that they had very simple internal geometry ( Fig. 4B ) while still having the same center of buoyancy as the original virtual models. The differences in mass and total center of mass were corrected by 3D printing the modified virtual models in PLA filament, and then solving for the mass and position of a bismuth counterweight within the model (Fig. 4C, D) . The position of the counterweight was solved by modifying Equation 3 as follows:
where L Bi is the x, y, or z component of the counterweight and is the mass of the bismuth counterweight. This counterweight allows the models to be constructed with completely different internal geometries and densities to the living animal ( Fig. 4E ), yet they still have theoretically equal hydrostatic properties (that is, the centers of mass and buoyancy). Since all physical experiments were performed in freshwater, the density of the water displaced (ρ wd ) for these models was changed from 1.025 g/cm 3 to 1.000 g/cm 3 . The densities of the PLA (after printing an object) and the bismuth counterweight were measured directly on reference objects that were constructed with simple geometries (2 cm cubes). The bismuth counterweights were casted by creating a positive model of the weight in Blender, surrounded by a base and walls in the horizontal directions. This positive model was then 3D printed and filled with high performance silicone rubber casting material. This process created a mold that could withstand the heat of melted bismuth (~270°C) and with the required dimensions for each model. The 3D printed models required some ratio of gas and liquid so that they could achieve neutral buoyancy. After submerging the models and filling them with water, the computed volume of gas was inserted through a one-way valve into a latex balloon (Fig. 4E) , which displaced the internal water through another one-way valve (Fig. 4D ) until the desired ratio was achieved. This process was conducted for the Nautilus pompilius model and the Baculites compressus model. The 3D printed B. compressus model was scaled from a length of 86.4 cm to 60.0 cm in order to fit in the 1000 L tank where the restoration experiments were performed. The neutrally buoyant models of N. pompilius and B. compressus were rotated approximately 38° from their static syn vivo orientations and released. This angle was chosen because it was easy to measure for the Nautilus model and equals its syn vivo apertural angle measured from the vertical axis. The movement of each model was digitally recorded and analyzed with the physics modeling software, Tracker 4.11.0 (Brown 2017) . Two points, parallel to the transverse plane, were placed on each of the models (Fig. 4E) and their X/Z coordinates were recorded as a function of time (Fig. 5) . The angles of the apertures (where horizontally facing = 0°, downward vertical = -90°, and upward vertical = +90°) were then computed from the relative positions of these tracking points.
Experiments on active locomotion to overcome hydrostatic stability.-The high hydrostatic stability of orthoconic cephalopods relative to other morphotypes was explored in terms of active locomotion to deviate from a stable orientation. A second 3D printed model of Baculites compressus was created following the same procedure as the first model. However, this model included an empty space for an axle located at the pivot point of rotation (i.e., the midpoint between the centers of buoyancy and mass). The axle was suspended by a ring stand clamp and fixed to two ball bearings to minimize friction while the baculite rotated. A 1-m long lightweight segment of silicone tubing with an inner diameter of 6.35 mm was fixed to the baculite perpendicular to the aperture (pointing in the ventral direction) to act as the source of thrust. Because little is known about the soft body of the baculitids (and generally all ammonoids), the amount of thrust they could generate with their mantle cavity and hyponome is highly speculative. Therefore, we use thrust values that fall within the range of extant cephalopod analogues during experimentation (Table 1) . Because thrust is dependent upon size (Chamberlain 1990; Thompson and Kier 2002) , the thrust efficiency can be quantified by the thrust ratio (maximum propulsive thrust/total weight). This metric of efficiency is generally larger in coleoids, however, Table 1 . Thrust ratio (maximum propulsive thrust/total weight), thrust generated with the weight of the Baculites compressus model (thrust ratio × 9.8 m/s 2 × 0.153 kg), funnel ratio (max cross-sectional area of funnel/volume 2/3 ), and hyponome diameter for Nautilus pompilius, Sepia officinalis, and Loligo vulgaris reported in Chamberlain (1990) . Three scenarios of possible thrusts generated to monitor rotation of a 3D printed model of B. compressus (experiment described below). Scenario 1: a continuous thrust applied to the 3D printed model with a ratio similar to Nautilus. Nautilus is actually more efficient in terms of its metabolic cost of locomotion (Neil and Askew 2018) . The thrust ratio for several living cephalopods (see Chamberlain 1990 ) was multiplied by the weight of the baculite model to yield estimates of thrust that the baculite could produce at several different levels of thrust efficiency. We used three scenarios of thrust generation during experimentation (summarized in Table 1 ) that fall within the range of the thrust ratios of the extant cephalopods: Nautilus pompilius, Sepia officinalis (common cuttlefish), and Loligo vulgaris (European squid). The resultant thrusts were calibrated with a Vernier dual-range force sensor with a sensitivity of 0.01 N during 30 second intervals of recording at a sample interval of 30 samples per second. Scenario 1 simulates a thrust at a similar efficiency to a Nautilus pompilius with an endless water supply (infinite mantle cavity volume). This was achieved by using a 10.7 liters per minute pump attached to the silicone tubing and reducing the exit cross-sectional area (reported as diameter in Table 1 ) until the desired thrust was approximated. Scenario 2 was performed by forcing a fixed volume of water through the tubing with a siphon pump. This fixed volume represents the total mantle cavity volume of the baculite model (estimated to be 20% of the soft body volume; 0.20 × 86.7 cm 3 = 17.3 cm 3 ). Chamberlain (1990) stated that the effective mantle cavity volume in coleoids is about 70% of the total mantle cavity volume. Therefore, this value is a rather liberal estimate to test the difficulty in rotating from a stable vertical orientation. Scenario 3 was performed with a larger funnel ratio (Table 1) and larger mantle volume (the entire siphon pump volume of 75 cm 3 ) to yield a high thrust ratio in between the values for Sepia officinalis and Loligo vulgaris ( Table 1) . Each of these thrust experiments provides a scenario to test how difficult it may have been for orthocones to deviate from their equilibrium position using active locomotion, by measuring the angle the baculite could rotate in response to thrust applied from the ventral direction.
Results
Virtual 3D models of Baculites compressus.-The conditions for neutral buoyancy Φ, hydrostatic stability (S t ), and orientation are dependent upon the assumed densities for each model component. The hydrostatic influence of using different historical values for soft body and shell densities were computed and are organized in Table 2 . High density values of 1.068 g/cm 3 (Denton and Gilpin-Brown 1961) and 2.94 g/cm 3 (Trueman 1941) for the soft body and shell, respectively, yield an 18.6% increase in Φ (now emptying all camerae), and a 17.2% increase in stability index (S t ). The very large value for shell density was assumed to have the same density as crystalline aragonite without any organic components. Lower density values of 1.047 g/cm 3 (Hoffmann and Zachow 2011) and 2.53 g/cm 3 (Collins et al. 1980) for the soft body and shell, respectively, yield a 9.3% decrease in Φ and a 12.3% decrease in S t . The Baculites compressus model is very stable in a vertical orientation for each of these simulations with both high and low density values ( Table 2) . The averaged bulk density of 1.065 g/cm 3 was adopted from Westermann (2013) because of the unknown volumes of the dense, calcified aptychi and the low-density mantle cavity filled with seawater. However, this value was roughly tested by assuming a mantle cavity of 15-20% soft body volume, and aptychi of similar proportions to Baculites sp. reported in Kruta et al. (2009) . The average length aptychi of 27 mm were scaled to fit the 58 mm aperture of the current Baculites compressus model. Kruta et al. (2009) reported aptychi thicknesses between 600 μm and 1 mm depending on the rugae. Linearly scaling the averaged thickness of 800 μm to the length of the aperture yielded aptychi that were 1.75 mm thick with a mass of 6.22 g (assuming an aptychi density of 2.71 g/ cm 3 ). The bulk density computed from the mass of the soft body with a density of the Nautilus (1.06 g/cm 3 ; , and the masses of the mantle cavity and aptychi was 1.066 g/cm 3 (a 0.1% difference from the value used herein and in Westermann 2013). A 15% mantle cavity would yield a bulk density of 1.069 g/ cm 3 (approximately a 0.4% difference). These differences would not considerably influence the total mass distribution of the organism (but compare other morphotypes with larger aptychi; Parent et al. 2014) .
The masses and volumes of each virtual model component are listed in Table 3 , and their spatial distributions are listed in Table 4 . Comparison of the total mass (m total ) and mass of the water displaced (m wd ) yields the error in buoyancy calculations which should theoretically be equal for neutrally buoyant objects. Each of the neutrally buoyant, virtual models in this study have less than 1% difference between these two metrics. This source of error is most likely due to subtle volume changes in the digital mesh induced by trying to manage the .stl file sizes.
Two 3D baculite models of differing body chamber lengths to total length ratios (40 and 33% BCL/L) were reconstructed with measured shell and septum thicknesses (Fig. 2) . These values fall within the upper and lower estimates of the "mesodome" category termed by Westermann (2013) . The larger body chamber model (Fig. 6A) requires a cameral gas volume that is 104.5% of the available volume of the phragmocone to be neutrally buoyant. This 40% BCL/L model (Fig. 6A ) is completely emptied (filled with 100% cameral gas) in order to compute its hydrostatic stability (S t = 0.555) with a slightly negative buoyancy. The 33% BCL/L models require 84.5% of their cameral volumes to be emptied of cameral liquid in order to be neutrally buoyant. Distributing the volume of cameral liquid required for neutral buoyancy in the adoral direction (Fig. 6B ) and the adapical direction (Fig. 6C) influences the hydrostatic stability of each of these models (0.576 and 0.396, respectively). However, these values are still rather high and orientation is unchanged from vertical.
The mass distribution and hydrostatic properties for baculitids with a concave dorsum were investigated by modifying the 33% BCL/L B. compressus model (Fig. 6D, E) . A shell with a concave dorsum similar to the younger (early Maastrichtian) species Baculites grandis requires slightly less cameral liquid to be neutrally buoyant. The apertural Table 3 . The volumes (V, in cm 3 ) and masses (m, in g) of the shell (sh), soft body (sb), cameral gas (cg), cameral liquid (cl), bismuth counterweight (Bi), total camerae (ct), water displaced (wd), and total mass for each virtual model. These metrics were used to compute the percentage of the phragmocone emptied for a neutrally buoyant condition (Φ). NA, not available. Table 4 . The center of buoyancy and centers of mass for each model component (x, z, in mm) in the virtual models. These values, along with the metrics in Table 3 were used to compute hydrostatic stability (S t ). The y component is ignored because all models are bilaterally symmetric. BCL, body chamber ratio; B ͞ ͞ ͞ ͞ G, distance between centers of buoyancy and gravity; Bi, bismuth; NA, not available. Table 5 . Mass (in g) discrepancies between the modified virtual models with simple internal geometries and their 3D printed counterparts for each model component. The error in hydrostatic stabilities (S t ) were computed by assuming that the mass surplus or deficit was acting in the positive and negative z-directions only (representing maximum error in S t ). Φ, neutrally buoyant condition; NA, not available. angle at rest is rotated from about 5° from the vertical axis in the dorsal direction when compared to the straight, vertical models.
Restoring moment of Nautilus pompilius.-The virtual Nautilus pompilius model (Fig. 7A, B) is neutrally buoyant when 83.6% of its cameral volume is emptied. The hydrostatic stability of this model (S t = 0.053) is about an order of magnitude lower than the virtual baculite models (Fig. 6 ). The modified virtual N. pompilius model (Fig. 7C ) requires less cameral gas to be neutrally buoyant because it has a larger cavity volume due to the added mass of the bismuth counterweight (Table 3) . The neutrally buoyant, 3D printed N. pompilius model (Fig. 7D ) has a very similar mass distribution to the virtual models, but is slightly different due to discrepancies in the total masses between the two. Removing support material after 3D printing, and drilling holes in the plastic for the one way valves have resulted in a slightly lower mass in the physical model than the virtual model. This translates to a negative mass discrepancy of 5.340% (Table 5 ). This lower mass requires less gas in the cavity to be neutrally buoyant (11.4%) and can cause the A. External view of the virtual model. B. Medial section of the virtual model with each component of unique density (green, soft body; red, cameral gas; blue, cameral liquid; grey, shell). C. Modified virtual model with simplified internal geometry and bismuth counterweight (yellow, PLA plastic; red, air; blue, liquid; purple, bismuth counterweight). D. Neutrally-buoyant, 3D printed model. The differences in Φ and the apertural angle (θ a ) are a result of the mass discrepancy (Table 5 ) and irregular geometry of the balloon. The error in S t was computed assuming that the total mass discrepancy was distributed in the positive or negative z-directions. stability index to vary by 0.002. The variability in the stability index is computed by shifting the deficient mass in the positive and negative z directions. The balloon also becomes convex as it displaces the liquid in the cavity, which contrasts with the flat interface of the virtual model. This difference also subtly influences the mass distribution and is responsible for the differing orientations of the aperture between the virtual and physical models (Fig. 7C, D) .
The restoring moment of the 3D printed Nautilus model was periodic and caused the aperture to oscillate back and forth (Fig. 8) about the equilibrium orientation (θ a of 38°). This motion is characterized as underdamped harmonic oscillation because each progression decreases in amplitude and increases in wavelength as a function of time. Each of the 10 trials resulted in very similar paths that took approximately 7 seconds to stabilize.
Restoring moment of Baculites compressus.-After scaling the original virtual model of Baculites compressus to 60.0 cm, it was altered to have a somewhat even distribution of cameral liquid and gas in each camera. This distribution was approximated by setting the individual centers of mass for the cameral liquid and cameral gas equal to the center of volume of all of the camerae (Fig. 9A) . This condition resulted in a stability index (0.505) in between the adorally and adapically distributed cameral liquid scenarios (Fig. 6B, C) . The virtual B. compressus model modified to have a simple internal geometry (Fig. 9B ) required 80.8% of its cavity to be filled with liquid in order to be neutrally buoyant. After 3D printing this model (Fig. 9C) , residual support material and glue resulted in a positive mass discrepancy of 3.427% (Table 5 ). This increase in mass requires to be increased to 85.0% and translates to a maximum error in S t of 0.035. The 3D printed model of Baculites compressus (Fig. 9C) is fundamentally different from the Nautilus pompilius model during hydrodynamic restoration from the same angle of displacement (38°). Instead of oscillating around the equilibrium position, the baculite model experiences a quick decay to its stable, vertical orientation (Fig. 10) . This type of motion is characterized as overdamped harmonic motion. The seven trials of the B. compressus hydrodynamic restoration (Fig. 10) were more chaotic than the N. pompilius experiment (Fig. 8) , but the original restoring orientation was reached in approximately half the time (just over 3 seconds). It should be noted that there was a significant amount of translation in addition to the rotational movement during hydrodynamic restoration. This was likely due to the differences in drag between the portions of the shell above and below the pivot point (which have different cross sectional areas and probably drag coefficients that both positively influence the force of drag). Tables 3 and 4 , Fig. 9E ) had a negative mass discrepancy of 1.210%, which corresponds to a maximum error in stability index of 0.013. This mass discrepancy also influenced the required cameral liquid for neutral buoyancy, but Φ was held at 100% for this experiment because there was no way to verify neutral buoyancy from this stationary model.
Thrust required to overcome the Baculites compressus restoring moment.-The B. compressus model used to test thrust (Modified 2 in
Thrust was applied to the venter of the model during three scenarios to generate rotation (see Table 1 ): (i) a continuous thrust near the value computed from the thrust ratio of Nautilus pompilius (Fig. 11A) , (ii) periodic pulses from the computed mantle cavity volume (17.3 cm 3 ) and realistic funnel ratio (0.034; Table 1) of the scaled Baculites compressus virtual model (Fig. 11B) , and (iii) larger periodic thrusts between the thrust ratios for Sepia officinalis and Loligo vulgaris (Fig. 11C) . During scenario 1, the thrust produced (0.254 ± 0.020 N) resulted in an average displacement from the vertical resting orientation of 22.7° in the dorsal direction. This thrust value is similar to the value computed from the relatively low thrust ratio of the extant N. pompilius (Table 1 ) and follows the conditions of an infinite mantle cavity (constant thrust). Scenario 2 operates under the condition of a finite mantle cavity volume (17.3 cm 3 ) that produces 0.384 ± 0.021 N of thrust. This value of thrust corresponds to a slightly larger thrust ratio than N. pompilius (Table 1 ) and results in an average peak rotation of 25.6°. In order to produce larger values of thrust (in between the thrust ratios of the coleoids Sepia officinalis and Loligo vulgaris; 1.607 ± 0.144 N), a volume of 75 cm 3 was expelled through a larger jet orifice, resulting in an average peak rotation of 72.2° from the resting vertical position.
It may be important to consider several sources of error during physical experimentation. The bearings were chosen to reduce the friction of rotation along the axle; however, some value of friction must still be present. The silicone tubing that suppled thrust at the venter of the shell also had some weight and drag. Each of these factors could have made it more difficult for the baculite to move through the water.
Discussion
Hydrostatic properties of Baculites compressus.-All of the Baculites compressus models in the current study have the capacity to be neutrally buoyant (or nearly so). Body chamber length is a limiting factor on neutral buoyancy because larger soft bodies contribute more towards the total organismal mass and result in fewer camerae that can be emptied to regulate the weight of the living cephalopod. As the body chamber ratio decreases for a neutrally buoyant orthocone, it would become positively buoyant unless some volume of cameral liquid filled the phragmocone. Modifying the body chamber ratio in B. compressus (Fig. 6A vs . 6B, C) shows that syn vivo orientation and hydrostatic stability (S t ) do not change very much between the upper and lower limits of the mesodome category (40% and 33%; Westermann 2013). The largest difference in hydrostatic properties between these two models is the ratio of cameral liquid and gas in the phragmocone for a neutrally buoyant condition (Φ). The model with the larger body chamber ratio is only slightly negatively buoyant, with an effective mass of 4.4 g. A very slight negative buoyancy is easier to manage by the living cephalopod and is commonly observed in the extant and hydrostatic stability (S t ). Green, soft body; grey, shell; red, gas; blue, liquid; yellow, PLA plastic; purple, bismuth counterweight; B, center of buoyancy; M, center of mass. A. Virtual model with an even distribution of cameral liquid and gas in the phragmocone (center of mass of cameral liquid and gas = center of volume of the phragmocone; cameral liquid and gas not shown). B. Modified virtual model with simplified internal geometry ("Modified 1" in Table 3 ). C. Neutrally-buoyant, 3D printed model. D. Modified virtual model with simplified internal geometry and axel hole through pivot point of rotation ("Modified 2" in Table 3 ). E. Neutrally-buoyant, 3D printed model fixed to an axel and silicone tubing used to supply thrust in the ventral direction. For this model, the mass discrepancy (Table 5 ) resulted in a slightly lower of 97.3%, but was held constant at 100%. All computed errors in S t were computed assuming that the total mass discrepancy was distributed in the positive or negative z-directions.
Nautilus (Ward 1987) . This can also be accomplished with more cameral liquid than what is required for perfect neutral buoyancy. However, as the body chamber ratio increases, this effective mass will become too large to be considered negligible.
The virtual baculite models (Fig. 6 ) all assume a stable vertical orientation, even when distributing the cameral liquid within the phragmocone in the adapical direction (Fig. 6C) . The hydrostatic stability of Baculites compressus is around an order of magnitude higher than the Nautilus pompilius (S t = 0.05; see fig. 2.6 ). Changing the distribution of cameral liquid would not allow the baculite to deviate from a vertical static orientation. Adapically distributed cameral liquid only slightly reduces stability and does not cause the shell to rotate to a dorsum upward orientation. This horizontal orientation would require mass displacement in the ventral direction (to situate the center of mass under the center of buoyancy), which is not practical for the orthoconic morphotype. One feasible way to modify the orientation of these orthoconic models in a neutrally buoyant, static setting is to reduce stability until the centers of buoyancy and mass coincide. Under this scenario, there is no preferred orientation and active locomotion could be used to modify orientation. This has been experimentally demonstrated by Westermann (1977 Westermann ( , 2013 ) by using 2D "Orthoceras" models and postulated by Klinger (1980) , Westermann (1996) , and Tsujita and Westermann (1998) . However, the virtual B. compressus models in the current study (Fig. 6C) would require much more cameral liquid to reduce hydrostatic stability. As the phragmocone becomes completely filled, stability would approach a value near zero, and buoyancy would decrease significantly (Peterman and Barton 2017) . Adapically distributing cameral liquid is much less effective than higher density counterweights such as cameral deposits or endosiphuncular deposits employed by Paleozoic orthocones (Teichert 1964; Mironenko 2018; . There is also no evidence that suggests siphunculate cephalopods had the ability to selectively choose which chambers are flooded or emptied (Ward 1979) . Also, some portion of cameral liquid would be retained by capillary retention within complex septal recesses which would partially distribute the center of mass of the cameral liquid toward the center of the phragmocone, rather than adapically or adorally. Therefore, an even distribution of cameral liquid and gas in the phragmocone is more realistic; that is, after the camera behind a newly formed septum is sufficiently emptied. Westermann (1996 Westermann ( , 2013 has suggested that large orthocones with a concave dorsum (such as B. grandis) were able to rest horizontally in the water column by situating their center of mass in the ventral direction under the center of buoyancy. As discussed above, the required cameral liquid to move the center of mass close to the center of buoyancy would cause the model to become negatively buoyant. Additionally, a ventrally displaced total center of mass can only be achieved by distributing more mass in the ventral direction (or an absence of mass in the dorsal direction). The B. compressus models modified with a concave dorsum similar to B. grandis (Fig. 6D, E) show that a horizontal orientation is not likely to occur in a static setting. These models have high stability indices even when the cameral liquid is distributed adapically (Fig. 6E) . The only significant change is that the aperture is rotated about 5° from the vertical axis in the dorsal direction. This could have improved the field of view in the dorsal direction, which could have been useful in the water column or in a demersal setting. The difference in size between the virtual models and larger orthocones is relative (S t is independent of size) and would only matter in a hydrodynamic setting (from differences in Reynolds numbers).
Restoring moments of the stable, orthoconic morphotype.-Since the restoring moment is essentially a torque, it is proportionate to the distance between the centers of mass and buoyancy. Therefore, neutrally buoyant objects with a higher hydrostatic stability (S t ) have a greater restoring moment acting upon them after they are displaced from their static equilibrium position. These properties are fundamentally different between the Nautilus pompilius model (Fig. 7D) and the Baculites compressus model (Fig. 9C) because the latter has a hydrostatic stability value that is approximately an order of magnitude larger than the former. Hydrodynamic restoration is also dependent upon the force of drag, that is proportionate to the cross-sectional area of the object moving through the liquid and its drag coefficient (a metric inversely proportionate to the degree of streamlining). Underdamped harmonic oscillation, observed in the N. pompilius restoration experiment (Fig. 8) , is diagnostic for neutrally buoyant objects with low hydrostatic stability rel- ative to the force of drag during restoration. In contrast, the B. compressus model has high hydrostatic stability that exerts a larger restoring moment after it is displaced. This rotational movement also experiences much more drag, which prevents oscillation around the vertical equilibrium orientation. These hydrodynamic properties during restoration result in overdamped harmonic motion, causing the B. compressus model to reach its resting orientation in about half the time as the N. pompilius model (compare Figs. 8 and 10 ).
Were orthoconic cephalopods able to overcome their restoring moments?-As demonstrated by the virtual Baculites compressus models (Fig. 6 ) and the hydrodynamic restoration experiment (Fig. 10) , this species (and generally the orthoconic morphotype) is very stable in a vertical orientation and would rely upon active locomotion in order to significantly alter their position. The thrust efficiency of baculitids is unknown and may be independent of retractor muscle size. Jacobs and Landman (1993) propose a coleoidlike swimming mechanism for ammonoids that differ from the Nautilus by contracting the mantle cavity rather than retracting the head complex into the body. However, the constraints of being enclosed within a rigid shell and the ammonoid mechanism for propulsion (effective musculature) are largely unknown. Therefore, the true baculitid thrust ratio is probably not significantly lower than the N. pompilius ratio, and probably does not exceed the values of the very efficient, shell-less coleoids. The magnitude of thrust generated by compressing the mantle cavity is dependent upon the mantle cavity volume, cross sectional area of the jet orifice, and the time over which the mantle liquid is expelled. A constant thrust (simulating an infinite mantle cavity volume) with a thrust ratio near that of the Nautilus pompilius does not significantly allow the baculite to alter its orientation (Fig. 11A ). This scenario is unrealistic in the sense that a jet pulse is followed by a period of refilling. During this time, the restoring moment acting on the baculite will begin to return it to its vertical equilibrium position (where θ a = -90°). A finite mantle cavity pulse generated from the computed B. compressus mantle cavity (17.3 cm 3 ) is a more realistic scenario. However, the thrust produced is only slightly larger than the thrust computed from the N. pompilius thrust ratio. This similarly does not allow the baculite to significantly alter its orientation (Fig. 11B) . Larger angles of offset (θ a ) yield larger restoring moments and require sufficient thrusts applied at the aperture to overcome them. A much larger average peak force that corresponds to a thrust ratio in between Sepia officinalis and Loligo vulgaris is generated by using a larger mantle cavity volume. This volume produces a thrust relative to the weight of B. compressus within the coleoid range, but would require the expulsion of a mantle cavity that is 86% of the volume of the entire body chamber. Perhaps these values of thrust could be obtained from the appropriate mantle cavity volume if it was expelled at lower time intervals. However, shortening the pumping intervals in this study caused pump failure, which questions the ability of the living baculite to withstand such pressures in the mantle cavity. If the practicality of generating such thrusts is ignored, it is still unlikely that the living cephalopods would have expended such a large amount of energy. The thrust ratios reported by Chamberlain (1990) and used herein are a measurement of the maximum propulsive burst normalized by the organismal weight. The maximum propulsive burst (as observed in escape jetting) is much different from normal locomotion because the resting mantle cavity volume is increased by hyperinflation (Anderson and Demont 2000) ; an ability that may have been hindered by being enclosed within a rigid shell. The degrees of rotation induced by the liberal values of thrust used in this study suggest that a horizontal or sub-horizontal form of locomotion is very unlikely in baculitids and other orthoconic cephalopods with similar stability indices (i.e., Paleozoic orthocones without cameral or endosiphuncular deposits; .
Insights on the mode of life for highly-stable orthoconic cephalopods.-The highly-stable, vertical syn vivo orientation of Baculites compressus and other orthocones with similar shell geometries makes it difficult to deviate from this equilibrium position. Traditional methods of active locomotion (jet propulsion) may not have generated enough thrust to overcome the restoring moment acting on the shell at higher angles of offset. The unknown soft body morphology of the baculitids is problematic when interpreting their mode of life and habit. The models in the current study had rigid arms that did not move. During life, a baculitid may have been able to use these arms to aid in locomotion, especially if a webbing connected each of the arms. In this case, the living baculite could have modified its drag by spreading its tentacles to help prevent falling to a vertical position. The position of the arms could also generate lift during movement through the water. However, both of these scenarios remain entirely speculative because there is no unequivocal preservation of ammonoid arms (Klug and Lehmann 2015) .
It probably would have been rather cumbersome for the hyponome to bend around the ventral rostrum present on many baculitid shells (as noted by Westermann 2013) . This long ventral rostrum, along with lateral sinuses, led Westermann (2013) to revive the concept of a dual hyponome system, with two hyponome openings on either side of the ventral rostrum. This concept was originally proposed by Schmidt (1930) and Frentzen (1937) where jetting could take place from any direction and even promote forward horizontal swimming. There is currently no fossil evidence for this, or any hyponome for that matter (Klug and Lehmann 2015) , aside from possible imprints (Summesberger et al. 1999; Landman and Cobban 2007) . The lateral sinuses of baculitid shells have been interpreted by Klug et al. (2012) to house large eyes, in contrast to accommodating hypothetical dual hyponomes. The curved ventral rostrum of the baculitid, Sciponoceras, has been suggested to allow it to occasionally rest on the substrate (Crick 1912; Matsumoto and Obata 1962; Klinger 1980) . This behavior or demersal behavior could have been possible as long as the living baculitid conformed to its inferred depth of approximately less than 100 m (Fatherree et al. 1998; Lukeneder et al. 2010; Klug et al. 2012) . In a nektic setting, a mostly-vertical syn vivo orientation, as implied by the hydrostatic and hydrodynamic experiments of the current study, would rule out the need for the application of thrust from the ventral direction. Therefore, the ventral rostrum of baculitid shells may not have been a hindrance.
The influence of conch compression and depression in the baculitids were not investigated in the current study. However, the laterally compressed forms such as B. compressus appear to be more streamlined than baculitids with ovate whorl sections. This interpretation has led to the de- (Table 1 ). The average change from a vertical resting orientation (Δ θ peak ) is 22.7°. B. Thrust Scenario 2: Periodic pulses from a pump with a simulated mantle cavity of 20% soft body volume of B. compressus (Table 1 ). The average change from a vertical resting orientation (Δ θ peak ) is 25.6°. C. Thrust Scenario 3: Periodic pulses from a pump with a thrust ratio between Sepia officinalis and Loligo vulgaris ( Table 1 ). The average change from a vertical resting orientation (Δ θ peak ) is 72.2°. Average peak thrust (F peak ) error bars represent one standard deviation calibrated from 30 second intervals of pumping.
piction of such compressed forms as having enhanced lateral mobility (Tsujita and Westermann 1998) . During the hydrodynamic restoration of the baculite model (Fig. 9C) , movement was preferred in the ventral direction after being rotated in the dorsal direction. This preference is due to a much lower hydrodynamic drag (proportionate to cross sectional area) in the dorso-ventral directions relative to the lateral directions in a compressed form. It is therefore possible that lateral compression of the conch was an adaptation to prevent rolling in the longitudinal axis rather than true streamlining. Orthoconic morphotypes with different whorl section geometries should be comparatively investigated in future studies.
The growth direction and orientation of a stalked cirripede attached to the venter of Sciponoceras was interpreted by Hauschke et al. (2011) to have occurred in a setting where the living baculitid moved forward in a more or less horizontal orientation. This idea conflicts with the vertical hydrostatic syn vivo orientations and hydrodynamic capabilities of the baculitid modeled in the current study. Both Sciponoceras and Baculites compressus probably had similar stability indices based on their similar body chamber lengths (33%; Klug et al. 2012 ) and degree of shell taper. The position of the adult cirripede on the venter of the shell and the adapical end of the body chamber could have contributed to the total mass distribution toward the apex and venter. A significant change in orientation has been observed for other taxa with epibionts as indicated by changes in the growth of the cephalopod shell (Seilacher and Gishlick 2015) . The magnitude of this influence is unknown, however, and would have been less significant during the juvenile stage of the cirripede, when it would have chosen this preferred growth orientation. This specimen reported by Hauschke et al. (2011) is largely enigmatic and warrants further investigation on the baculitid mode of life. It is unknown whether this cirripede orientation is anomalous, or if frequent vertical movement of the Sciponoceras could have facilitated this epizoan behavior.
The results of this study suggest that baculitids and similar orthocones assumed a mode of life with very poor mobility in the horizontal directions and rather moderate mobility in the vertical direction, living as a quasiplanktic to nektic vertical migrant (Westermann 1996) . Anatomical interpretations of well-preserved specimens support a planktotrophic habit (Kruta et al. 2011; Klug et al. 2012) , and oxygen isotope values of aragonitic shells infer the occupation of relatively shallow waters of less than 100 m (Fatherree et al. 1998; Lukeneder et al. 2010; Landman and Klofak 2012; Henderson and Price 2012; Lukeneder 2015; Sessa et al. 2015; Landman et al. 2018) . Furthermore, these baculitids were somewhat sedentary and probably lived most of their lives at or near a single location within a few meters from the seafloor ). The constraints imposed on their life habits agree well with their hydrostatic limitations revealed in the current study. Poor horizontal mobility would preclude extensive lateral migration, in contrast to the portrayal of seemingly streamlined forms (such as B. compressus) as swift, mid-water swimmers (Tsujita and Westermann 1998) . The hydrostatic and hydrodynamic properties of the baculitids support a lower energy mode of life in a vertical or near vertical condition.
Conclusions
Baculitids and other orthocones had the capacity for neutral buoyancy providing that they had sufficient body chamber ratios. The Baculites compressus models in the current study demonstrate that orthocones of the mesodome category of body chamber length (Westermann 2013 ) are neutrally buoyant (or nearly so) and that body chamber lengths of greater than approximately 40% with the modeled geometries will be negatively buoyant. Each of these models exhibit a highly stable, vertical syn vivo orientation in a static setting. These hydrostatic conditions occur in orthoconic cephalopods because they most efficiently separate the total center of mass away from the total center of buoyancy in a linear fashion; by partitioning the shell in to a largely empty section (the phragmocone) and having a higher concentration of mass at the adoral end of the organism (the soft body).
The distribution of cameral liquid in the phragmocone does not alter the syn vivo orientation. Adapically distributing the cameral liquid in a neutrally buoyant baculite model reduces hydrostatic stability, but cannot be used as a counterweight to permit a non-vertical orientation. A concave dorsum similar to B. grandis does not shift the mass distribution ventrally or closer to the center of buoyancy. Such a modification would only rotate the aperture in the dorsal direction. In the modified virtual baculite models (Fig. 6D , E) the concave dorsum results in a 5° rotation of the aperture towards the dorsum in a static setting (see Westermann 2013 for alternative findings).
An even distribution of cameral liquid within the phragmocone of the baculite model yields a hydrostatic stability about an order of magnitude larger than the N. pompilius model. This difference in hydrostatic stability and differences in hydrodynamic drag are responsible for fundamentally different modes of hydrodynamic restoration between the two models. The N. pompilius model behaves as an underdamped harmonic oscillator that wobbles around its equilibrium position before resting. In contrast, the B. compressus model experiences overdamped harmonic motion and more quickly returns to its equilibrium position without oscillating.
The large separation between the centers of mass and buoyancy (high stability) of the baculite models result in large restoring moments after the models were rotated from their equilibrium position. Thrust applied to the venter using a continuous water supply and a similar thrust ratio to N. pompilius slightly rotated the model (22.7°). The thrust produced from a finite mantle cavity computed for the scaled B. compressus similarly rotated the model at small angles (25.6°). An overestimated value of thrust in between the thrust ratios of the extant coleoids, Sepia officinalis and Loligo vulgaris significantly rotated the model (72.2°), but such values are unlikely to be produced from the computed mantle cavity volume. Each of the experimental thrust ratios are based on the maximum propulsive burst, which probably would have been too energetically expensive for usual locomotion. Therefore, active orientations were likely less than 25° from vertical. The results of the current study support the interpretations of baculitids and orthocones with similar hydrostatic properties as having lived a nektic to quasiplanktic mode of life with a primarily vertical orientation and mobility.
